In vitro flow chambers
The endothelium is a unique organ. As a monolayer of cells exposed to blood flow, the endothelium expresses an ordered array of biochemical regulators that ensure blood fluidity along and through the vessels, nutrient transport and an appropriate control of coagulation if the lining integrity is compromised. Endothelial cells are constantly in direct contact with blood flow and are flow-sensitive. Hence, the expression of proteins is triggered by and depends upon local hemodynamics. As the vascular system is a closed universe, the interaction between flow and the endothelium can be studied in a specific fashion and controlled environments using in vitro and ex vivo model systems--flow chambers.
In 2002, Blackman, García-Cardeña and Gimbrone introduced the Dynamic Flow System (DFS) 1 as a culmination of decades of research on the effects of flow on endothelial cell biology. 2, 3 The DFS consists of tissue culture wells seeded with functional endothelial cells, under controlled humidity, temperature and CO 2 levels and a medium feeding system. A conical device coupled to a motor rotates and generates a controlled flow over cultured endothelial cells. Endothelial cells in static conditions act differently than those subject to flow. Arterial flow reshapes the cytoskeleton, and reduces eNOS mRNA expression. Later, Dr. Gimbrone's group used the DFS to define athero-prone and athero-protective waveforms 4 and showed how endothelial cells exposed to athero-prone waveforms expressed a pro-inflammatory phenotype, including increase of NF-κB, VCAM and eSelectin, among others. Our group reported similar findings in 2005 using a different flow chamber, proving that the activity of eNOS and production of prostaglandins was dependent on flow frequency 5 . Here endothelial cells were seeded in silicone tubular structures and connected to a perfusion loop. Media circulated through the system using a programmable pump that delivered well-defined and physiologically-matched velocities and shear stresses.
Ex vivo flow chambers
Much earlier, Badimon et al. designed the first ex vivo chamber, 6 using de-endothelialized swine arteries, to prove the relevance of shear rates on platelet deposition. Replacing the deendothelialized artery by a collagen strip proved the key role of collagen in postinterventional thrombogenicity. This 1986 ex vivo model is still a valid tool to evaluate the effects of anticoagulant drugs 7 or other thrombogenicity relevant questions. This model, however, does not recapitulate the interaction between smooth muscle cells and the remaining endothelial cells nor the full architecture of the vessel. Another interesting approach was introduced in 2002, when Kolandaivelu and Edelman designed an ex vivo system to study stent thrombogenicity. 8, 9 A peristaltic pump is substituted by a rotor and the inertial flow imposed is customizable so the waveforms are totally controlled. This model has been used to study and optimize stent designs and enlighten different aspects of stent thrombosis. 10 
Cellular co-culture
Endothelial cells are not only in direct contact with blood flow but interact with their underlying cellular neighbors. Many of the questions one may ask cannot be answered if considering one cell type alone. Balcells et al. proved that the mTOR pathway in endothelial cells is promoted by alterations in flow, but to a far lesser extent when intact vascular smooth muscle cells were present in the system. These findings confirm the importance of the big picture in understanding endothelial function. At a microscopic scale, several groups have applied surface patterning and engineered test chambers to study cell-cell crosstalk. A number of strategies have been developed; Chen's bow-ties or Bhatia's micropatterned cocultures are good examples. Chen and colleagues showed how VE-cadherin is responsible for contact growth inhibition and the role of this molecule in regulating how cells adhere to the extracellular matrix. 11 Bhatia and colleagues engineered several microscale devices to study cell-cell interaction in liver cells. Liver sinusoidal endothelial cells (LSEC) have a very particular phenotype that is hard to maintain in vitro. To maintain phenotype, Bhatia's group co-cultured LSECs with hepatocytes and fibroblasts on collagen. 12 These findings suggest that the optimal strategy to create a physiologically relevant in vitro model depends on the cell type and the in vivo micro-and macro-environment simulated. There is no unique solution to how many variables should be included when engineering biological models.
Computational models
Computational models have gained increasing acceptance as valuable tools to predict physical, chemical and biological phenomena in arteries. Computational fluid dynamics (CFD) simulations can predict with micrometric precision several physical and biological variables as velocity, shear stress and drug distribution profiles. This is particularly important in stent design, where biological analytical methods cannot provide the required precision to define micrometer based events. There is an increasing interest in understanding how micro-alterations and separation in flow caused by stent struts may affect local drug delivery 13, 14 and stent thrombogenicity 10 Recent studies 15 couple the computational results with in vivo experience, but this is only possible when classic mass transport equations and molecule-specific uptake kinetics are considered together, and with accurate input parameters derived and validated from in vivo conditions 15, 16 CFD simulations are limited by their input validity, but when validated, they offer a platform for repeatable, quantifiable assay of effects across a spectrum of dependent parameters, device and formulation modifications, and environmental conditions--a feature unachievable with biological and animal testing. Computational models have become so helpful that FDA is considering their use when approving new medical devices. 17 
Materials science and vascular grafts
Ever since Voorhees et al. replaced diseased blood vessels with tubes of synthetic fabric 18 in 1952, there have been numerous attempts to design a vascular graft that not only matches the mechanical properties of the native vasculature, but also promotes cell growth, facilitates extracellular matrix production and inhibits thrombogenicity. Approximately 1.4 million US patients per year require arterial prostheses 19 . Synthetic polymer materials, especially expanded polytetrafluoroethylene (ePTFE) and polyethylene terephtalate (Dacron®), are the dominant materials used for applications requiring large-diameter (>6 mm) vessels. 20 In smaller diameter grafts thrombogenicity and compliance mismatch re-occlude the bypassed vessel, 21, 22 limiting the use of synthetic grafts in applications such as coronary artery bypass surgeries (one third of the arterial prosthesis procedures performed each year). In these cases, autologous vasculature is used unless precluded by disease, trauma or anatomic abnormalities. 19 The high occlusion rates of synthetic polymer materials has motivated further strategies to functionalize the luminal surface of graft materials such as coatings, chemical and protein modifications and endothelial cell seeding. Although there have been some promising results, synthetic grafts still induce chronic inflammation and thrombogenicity. 23 More recently, tissue-engineered vascular grafts (TEVG) have emerged to overcome the limitations of synthetic grafts. In TEVG, a synthetic or natural biodegradable material acts as a scaffold where vascular cells are seeded. The extracellular matrix produced by the cells gradually replaces the degrading scaffold. The matrix created--decellularized or not--is then implanted to the patient. 20 This technology provides more favorable hemodynamics, mechanical properties and suture force retention than previous synthetic grafts. 24 Polyglycolic acid (PGA) is the preferred scaffold material as it is biocompatible and safely degrades through hydrolysis. Biomaterials engineers may adapt the hydrolysis kinetics to the specific patient needs by copolymerization with other polymers. Although tissue-engineered vascular grafts have yielded promising results; the long culture periods required, the low proliferative capacity of cells isolated from elderly patients and the mechanical immaturity of the vessels at the time of in vivo implantation remain major drawbacks.
Future approaches to engineer arterial models
We presented a novel engineered arterial model that provides a personalized platform for cardiovascular architecture and lesion morphology. Three-dimensional images of patient arterial structures are reproduced using CATIA®, a computer aided design commercial software, and saved as IGS, CAM or STL files (Fig. 1) , providing the precise coordinates of a given arterial bifurcation. CAM image files are used to create Teflon® molds to manufacture PDMS scaffolds in forms and shapes that mimic the specific vascular bed (Fig.  2) . The PDMS scaffolds are coated with fibronectin as extracellular matrix protein and subsequently, layer-by-layer assembled with all three cellular components of the arterial wall: fibroblasts, smooth muscle cells and endothelial cells. Using the STL files, a support is 3D printed so the PDMS scaffolds may be fit in their tridimensional physiological position and the full architecture of the vessel recapitulated. Using the IGS files, we perform CFD simulations to predict the map of velocities and shear stresses along the bifurcations.
Our engineered arterial model serves as a platform for experiments that can help answer an array of biological and clinically relevant questions. The ability to control flow enables examination and definition of the complete shear stress map imposed by the architecture of the vessel and, simultaneously, description of the molecular signaling interaction between cells upstream and downstream of a vascular region with flow disruptions. The cell-seeded scaffolds have also been used to estimate monocyte attachment and thrombogenicity ex vivo. For in vitro testing of stents, the model provides flexibility to evaluate thrombogenicity and immune response as a function of their design (both from the mechanical and the chemical point of view) and their position along the bifurcation. Coupled with mechanical strain and testing, the model can help elucidate mechanisms of stent fracture. The co-culture of vascular cells gives the scaffolds a unique perspective of arterial physiology by combining the effects of flow gradients and inter-cellular signaling. The integration of CFD into these models (Fig. 3) allows our simulations to evaluate the impact of vascular architecture on flow, and hence guide predictions about where wall shear stress gradients and flow disruptions arise. The correlation of clinical events with serial simulations driven by time-dependent dimensional changed in CVD patient images will help establish a solid model that correlates fluid flow disruptions and biomarkers predicting CVD. As a scaffold, the platform has the potential of casting bio-implantable vascular grafts. Once the geometry of the patient has been studied, the casted graft would have the optimal fluid dynamic conditions to minimize the graft's risks like thrombosis or restenosis.
Our model combines the most advanced available technologies to recapitulate and study the macro-and micro-environment of vascular cells in specialized geometries, such as bifurcations. The unification of those tools under a single platform may help predict the outcome of a given drug or intervention in a patient-specific manner, so that patients can receive fully personalized treatment. CFD can predict the wall shear stress gradients and the drug uptake kinetics, 3D printers can loyally reproduce the architecture of the vessels and novel grafts can be manufactured in biocompatible implantable materials to replace the diseased, damaged or constitutionally dangerous vasculature. Only the mixture of sciences in biomedical engineering can achieve these objectives at a minimal economical and ecological cost. A computational platform for design of scaffold-supports and flexible polymer constructs that reproduces complex individual arterial geometries and their underlying myocardium. (A) Swine hearts scanned using a Roland Active Piezo Sensor 3D laser scanner. A physician or pathologist defines where along the length of the artery of the scanned image (B) dimensions will be obtained and borders defined. The density of the determinations defines an effective mesh size for the reconstruction and allows for increased precision at specific areas of interest, e.g. at bifurcations. The coordinates that are determined represent arterial dimensions and are introduced in a custom designed Visual Basic® interface (C), which encodes up to four different macro files for CATIA®, ending up in IGS, STL and CAM files. Each file is used for a different aspect of reconstruction. The IGS file (D) is used for computational fluid dynamics simulation in TDyn®, the CAM file is used to drive formulation of Teflon® molds that will be used to mold PDMS scaffolds. STL files allow for direct 3D printing of the selected arterial architecture as a flexible polymer structure and their curved acrylonitrile-butadiene-styrene (ABS) support that mimics the contour established by the underlying myocardium (E). A trilaminate cell-lined tubular structure is created from three human cell types, aortic adventitial fibroblasts (A; GFP retrovirus, green), aortic smooth muscle cells (B; smooth muscle cell α-actin, red) and coronary artery endothelial cells (C; PECAM-1, orange). Cell layers are created sequentially by seeding in PDMS scaffolds (D) that are upheld on an ABS support that recapitulates the exact architecture of the scanned heart. Computational fluid dynamics (CFD) simulations for a scanned model of a swine left coronary artery bifurcation. Results are vector maps in mm/s at the instant of a pulse (A) and 0.005 seconds after the pulse (B). Patterns of flow stagnation and recirculation in the vicinity of the branch point with a minimal speed of −38mm/s. Results were confirmed by tracking microparticles flowing through the PDMS bifurcated scaffolds, using a 295 fps camera connected to an optical microscope. Microparticles with their associated trajectories in a high shear stress laminar steady flow region (C) and a low shear stress recirculation region (D).
